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Abstract: Nanoscale metal-based tunneling junction (MTJ) devices were fabricated using the electromigration method, 
and their electrical properties were studied after exposure to γ- and β-radiation. Irradiation caused the set threshold 
voltage (Vset) of the MTJ devices to increase, leading to a transition from a low-resistance state (LRS) to a 
high-resistance state (HRS). This shift in Vset was due to atom displacement from high-energy electrons excited by γ- 
and β-radiation. Unlike semiconductor devices, MTJ devices showed resilience to permanent damage and could be 
restored in-situ through multiple I−V (I is the drain current; V is the drain voltage) sweeps with appropriate 
configurations. This ability to recover suggests that MTJ devices have promising potential under irradiation. The 
reparability of irradiated MTJ devices is closely related to nothing-on-insulator (NOI) their structure, providing insights 
for other NOI and metal-based micro-nanoscale devices. 
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1 Introduction 
 

Semiconductor devices are vulnerable to 
long-term radiation effects from high-energy 
particles such as photons and electrons [1−3]. This 
radiation can cause defects in the device channel, 
including dislocations, bond breakage, and the 
formation of interstitial atoms, which reduce carrier 
mobility [2−4]. Additionally, trapped charges and 
defects in the gate dielectric can lower breakdown 
voltages, increase leakage current, shift threshold 
voltage, reduce transconductance, and raise power 
consumption [1,5,6]. These combined effects are 
known as total ionizing dose (TID) effects [7,8]. 
Silicon or III−V compound devices can partially 
repair radiation damage through techniques like 
high-temperature annealing, but they lack the 
ability for on-chip, in-situ repair, thus limiting  

their performance in irradiated environments. 
Consequently, irradiation can irreversibly degrade 
device performance, making them unreliable in high- 
radiation conditions without expensive shielding  
or specialized fabrication processes such as fully- 
depleted silicon-on-insulator (FD-SOI) [9,10]. 

In recent years, metal-based tunneling junction 
(MTJ) switching devices have gained significant 
attention due to their small size, low power 
consumption, high speed, and ability to withstand 
high temperatures (up to 850 K) [11−13]. These 
devices show great potential for use in memory, 
logic, and synaptic applications. MTJs operate by 
utilizing atomic migration on electrode surfaces   
to adjust tunneling distances, enabling switching 
behavior [14]. 

Nanoscale MTJ devices exhibit unique 
radiation resistance due to their distinct materials 
and structures compared to traditional semiconductor 
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devices. The use of inert precious metals like Au 
and Pd in MTJs contributes to their remarkable 
properties. At the nanoscale, these metals not only 
display exceptional catalytic activity [15,16], but 
also serve as stable, reliable electrodes, enabling 
high integration densities [12,17]. The high electron 
density in these metals (10²²−10²³/cm³) [18,19] 
makes MTJ devices less prone to radiolytic damage 
than semiconductor materials [20−24]. 

Structurally, MTJs resemble a nothing-on- 
insulator (NOI) configuration [25−29], with a 
vacuum- or air-based tunneling barrier between the 
electrodes, eliminating the need for a dielectric, 
solid-state electrolyte, or semiconductor medium 
[30−32]. This design avoids conductive filaments, 
unlike memristor devices, enabling direct electron 
tunneling without channel materials. As a result, 
radiation-induced defects common in semiconductors, 
such as increased defect concentration and reduced 
breakdown voltage, are absent in MTJ devices, 
making them theoretically more radiation-resistant. 

Recent studies, such as those by FAN       
et al [29], have highlighted the radiation resistance 
of nanoscale air channel devices (NACDs). 
However, to date, no reports have focused on the 
radiation resistance of nanoscale tunnel junctions. 
In this study, we investigated the effects of γ-   
and β-ray irradiation on nanoscale MTJ devices 
fabricated via the electromigration method. The 
results show that radiation primarily increases the 
set threshold voltage (Vset) and shifts the devices 
from a low-resistance state (LRS) to a high-resistance 
state (HRS). The impact varies depending on the 
metal material, and Pd-based devices generally 
exhibit less change than Au-based ones. 

Unlike semiconductor devices, MTJ devices 
do not suffer structural degradation under γ- and 
β-ray irradiation. While irradiation affects the Vset, 
the material integrity remains intact. Pd- and 
Au-based MTJ devices can be restored to their 
original state through in-situ, on-chip electrical 
operations, without requiring additional processes 
like annealing. This repairability is an important 
feature of the radiation resistance inherent in NOI 
structures and may extend to other similar devices. 
These findings highlight the potential and 
challenges of deploying MTJ devices in high- 
radiation environments, such as space stations, 
satellites, reactors, and synchrotron radiation 
sources [22]. 

 
2 Experimental 
 
2.1 Preparation of MTJs 

The MTJ devices in this study were fabricated 
using a combination of electromigration and 
nanofabrication techniques. Firstly, metal nanowires, 
serving as the conductive channel, were created 
using the electron beam lithography (EBL), metal 
deposition, and lift-off technique. The nanowires 
are shaped into a neck configuration, with the 
narrowest point being 100 nm. A schematic of the 
metal nanowire device and its electrical test 
structure is shown in Fig. 1(a). For Au- or Pd-based 
tunneling junctions, the metal nanowires are made 
from a single metal (Au or Pd), with no adhesive 
metal layer. However, a Ti layer (0.3 nm) was first 
applied, followed by a Pd layer (5 nm), which 
served as an adhesive for the contact pads before 
depositing a 75 nm Au layer. The 5 nm Pd layer 
also prevented Ti oxidation and enhanced the 
structural strength of the electrode plate, ensuring 
reliability during electrical testing. The MTJ device 
was fabricated on a SiO2/Si substrate, with a 
300 nm SiO2 layer covering the Si surface. The Si 
substrate was n-type doped with a low resistivity 
less than 0.2 Ω·cm. EBL was performed using a 
Voyager system from Raith, with an acceleration 
voltage of 50 kV and a standard exposure dose of 
780 μC/cm². Metal deposition was carried out with 
the DE200 electron beam deposition system from 
Deyi Technology Co., Ltd., China, under a vacuum 
of 1.33×10−4 to 1.33×10−6 Pa and a deposition rate 
of 0.5 Å/s. 

Subsequently, the metal nanowire was 
electromigrated and disconnected by I−V (I is the 
drain current; V is the drain voltage) sweep to form 
a tunneling junction device with nanoscale gap. 
Figure 1(a) displays an atomic force microscope 
(AFM) image of a gold tunneling junction device, 
with the nanogap indicated by the arrow. The inset 
in Fig. 1(a) shows an illustration of the gold 
nanowire device and its associated electrical test 
structure. Figure 1(b) presents a high-resolution 
transmission electron microscopy (HRTEM) image 
of a typical Au-based tunneling junction device, 
with a gap size of about 13 nm. Scanning electron 
microscopy (SEM) and AFM images of the 
Pd-based devices can be found in Fig. S1 in 
Supplementary Materials (SM). Different tunneling  
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Fig. 1 MTJ and its electrical characteristic curves: (a) AFM morphology; (b) HRTEM image; (c) Hysteresis curves;   
(d) Schematic diagram illustrating I−V curves of metal nano gap junction before and after γ- or β-radiation (Inset: 
illustration of radiated MTJ device) 
 
junction devices fabricated by electromigration 
have different gap sizes, which are distributed    
in the range of 1.1−20 nm. The radius of curvature 
of the electrode tips on both sides of the gap is 
1−5 nm. 

Electromigration is a commonly used method 
to prepare MTJs [17,33]. The test equipment for 
electromigration and electrical properties in this 
work was a Keysight B1500A semiconductor 
parameter analyzer and an MPIS T−150 probe 
platform, and the tests were carried out at room 
temperature and in atmospheric environment. The 
specific preparation process is as follows: Firstly, 
the voltage is applied on the metal nanowires in the 
single I−V sweep mode, that is, the drain voltage 
ramps from zero to a certain voltage (e.g., 3 V) at a 
constant speed of 0.5 V/s. Initially, the current 
increases linearly with the increase of the voltage, 
until to a threshold of 0.5−5 mA in the drain voltage 
of 0.2−2.5 V. At this time, due to the minimum 
cross-sectional area and the highest current density 
in the neck of nanowires, intense electromigration 
occurred under the combined action of “electronic 
wind” force and Joule heat [34,35]. The neck  
broke rapidly and formed a nano gap, and the  
drain current dropped from milliamperes to 

microamperes (Figs. S2(a) and (b) in SM). 
Subsequently, multiple I−V sweeps eventually 
reduced the drain current of the nanowires to the 
nanoampere level (Fig. S2(c) in SM). Finally, a 
current compliance (e.g., 1 nA) was applied to 
protecting the device, followed by bidirectional I−V 
sweep where the voltage increased to the maximum 
(e.g., 20 V) and then decreased to zero. A current 
hysteresis window (Fig. 1(c)) observed during this 
double-sweep confirmed the successful fabrication 
of the MTJ, with the tunneling junction switching 
from a high resistance state (HRS) to a low 
resistance state (LRS) after the hysteresis. The drain 
voltage during increasing phase, at which the 
current reached the compliance, was defined as the 
threshold voltage of SET operation, i.e., Vset of this 
device for its resistance state (Fig. 1(c)). 

In this investigation, alongside the Au-based 
tunneling junction device, the electromigration 
technique was employed to fabricate the Pd MTJ 
device. Through the electromigration process, the 
Au- and Pd-based nanowires undergo gradual 
disconnection, resulting in a similar evolution trend 
of the I−V curves during the formation of MTJ 
devices. The main difference lies in the threshold 
voltage for the breakdown of Au- and Pd-based 
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nanowires during the I−V sweep. The threshold 
voltage of Au-based nanowire fracture ranges 
between 0.3 and 1.1 V (average 0.61 V), while for 
Pd-based nanowire fracture, it ranges between 0.7 
and 1.6 V (average 0.91 V), as depicted in Fig. S3 
in SM. 
 
2.2 Impact of γ- or β-radiation on MTJ devices 

For γ-radiation experiments, a 60Co source 
emitting photons with energies of 1.333 and 
1.173 MeV was utilized [36]. The radiation setup 
included a complete system with a console, a 
irradiation chamber, and a dose monitoring 
equipment. Device samples were enclosed in a 
plastic tube and placed in the cobalt source chamber, 
where they were irradiated with γ-rays in an 
atmospheric environment. The radiation dose rate 
was set to 203.3 rad/s, and the radiation dose was 
controlled by adjusting the radiation time. Three 
radiation doses were applied: 0.1, 0.5, and 1 Mrad 
to study the impact of γ-rays on the MTJ devices. 

β-ray radiation was carried out under a 
scanning electron microscope (SEM). Since β- 
radiation essentially involved a high-speed electron 
flow, the electron beam in SEM was utilized to 
simulate the β-radiation from radioisotopes 63Ni and 
evaluate its impact on the semiconductor devices 
[21,23,37−41]. The SEM used for β-ray (or electron 
beam) irradiation was an FEI strata DB235 
SEM-FIB dual beam system and an FEI Nova nano 
430 SEM system. The acceleration voltage was 15 
and 30 kV, and the total dose was 20, 100 and 
200 C/cm2, respectively. β-radiation was performed 
under vacuum conditions (<1.33×10−4 Pa) at room 
temperature. 

To assess the impact of γ- and β-radiation on 
the MTJ devices, the set voltage (Vset) and the 
change in Vset (ΔVset) were used as key metrics. All 
electrical tests, whether before or after irradiation, 
were conducted under atmospheric conditions at 
room temperature. The experimental procedure is as 
follows. 

(1) Initial measurement 
The I−V curve of each tunneling junction 

device was measured in single I−V sweep mode 
using the probe stage and semiconductor parameter 
analyzer to establish a reference. The initial Vset, 
denoted as Vset-initial, was recorded for each device. 
All test parameters (e.g., voltage range, sweep rate, 
and current compliance) remained same for all 

devices. Each device was measured at least twice to 
ensure the stability of its I−V curve and the 
corresponding Vset-initial, confirming that these values 
do not change spontaneously. 

(2) Irradiation 
The devices were then placed either into the 

cobalt source chamber for γ-radiation at a specified 
dose rate, or into the SEM vacuum chamber for 
β-radiation. Once the device is accurately focused, 
the beam current and field of view will be recorded 
to calculate the irradiation dose rate. The total 
irradiation dose was controlled by adjusting the 
exposure time. 

(3) Post-irradiation measurement 
After irradiation, the I−V curves were measured 

again with the same parameters as initial tests. The 
Vset recorded at this stage was denoted as Vset-irradiated. 
The difference between the Vset-irradiated and Vset-initial 
values is calculated, and this change is referred to as 
ΔVset, which is defined as  

set set-irradiated set-initial=V V V∆ −                (1) 
 

This procedure allows for a detailed comparison 
of the MTJ devices’ electrical properties before and 
after exposure to γ- and β-radiation. The I−V curves 
from the radiation tests are shown in Fig. 1(d).  

(4) Testing under various radiation doses 
If the device was tested under multiple doses, 

Steps (2) and (3) were repeated for each dose. The 
I−V curves for all devices were measured at 
different radiation doses and compared with their 
initial I−V curves. Prior to each radiation exposure, 
multiple double I−V sweeps were performed on 
each device to ensure consistency in the Vset-initial 
across tests. 

The Vset and ΔVset were used to evaluate the 
impact of radiation on the MTJ devices, as they 
serve as key indicators of the tunneling distance 
between the electrode tips. For a given current 
compliance, a smaller Vset corresponds to a higher 
tunneling current, indicating a shorter tunneling 
distance, while a larger Vset corresponds to a longer 
tunneling distance and lower tunneling current. A 
positive ΔVset suggests that the device has shifted  
to a lower current state (i.e., higher tunneling 
resistance), meaning it has transitioned from a LRS 
to a HRS, implying an increase in the tunneling 
distance. Conversely, a negative ΔVset indicates a 
shift in the opposite direction. 

Vset is also a critical performance parameter for 
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MTJ devices, particularly in practical applications 
like nanogap memory devices [13,30,42]. Therefore, 
the change in Vset under radiation is a significant 
concern from both functional and application 
perspective. 

In total, 28 Pd-based devices (16 for γ-rays and 
12 for β-rays) were irradiated, and 39 Au-based 
devices (9 for γ-rays and 30 for β-rays) were 
irradiated, to evaluate the impact of radiation on  
the MTJ devices. The pre-irradiation measurement, 
irradiation with a specific dose, and the post- 
irradiation measurement were completed within the 
maximum periods of 4.5 h for Pd-based devices, 
and 3.5 h for Au-based devices, respectively. 
Additionally, the retention of several other Pd- and 
Au-based devices was also tested without radiation 
to exclude possibility that the ΔVset was caused by 
any spontaneous change in the devices’ resistance 
states, as shown in Fig. S4 in SM. Retention tests 
confirm that Pd-based devices exhibit stability for 
over 24 h, while Au-based devices retain stability 
for over 10.5 h. Therefore, the ΔVset discussed in 
this paper is exclusively induced by the radiation. 

It is noteworthy that the maximum dose of 
γ-radiation is limited to 1 Mrad to ensure that the 
entire test procedure is completed within the 
retention time. The complete test procedure for  
each sample, including the initial electrical test, 
transportation to the cobalt source chamber, sample 
loading and unloading, safety inspections, radiation 
processes, and the post-irradiation electrical test, 
must be completed within the retention time of 
10.5 h. The only cobalt source available for this 

study provides a non-adjustable dose rate of 
203.3 rad/s. Meaningfully, higher doses (e.g, 5 or 
10 Mrad) will extend the test procedure beyond 
10.5 h, potentially leading to spontaneous switching 
of the MTJ devices. While MTJ devices can 
certainly withstand much higher doses, the results 
will be less convincing if they cannot be 
distinguished from spontaneous resistance state 
switching. Additionally, 1 Mrad is an effective 
dosage endpoint for observing total dose effects in 
conventional semiconductor devices such as flash 
memory [7,8,43]. Therefore, 1 Mrad was selected 
as the dose endpoint for γ-radiation in this study. 
 
3 Results and discussion 
 
3.1 Impact of γ-radiation on Pd- and Au-based 

tunneling junction devices 
Figure 2 shows the effect of γ-radiation on Pd- 

and Au-based tunneling junction devices. In each 
curve, the position of the Vset is labeled by a vertical 
dash reference line. The shape of the I−V curves for 
“SET” operation of MTJ devices did not show 
significant changes under γ-radiation. However, 
there was a notable rightward shift in the I−V curve, 
leading to an increase in Vset-irradiated and inducing a 
positive ΔVset. Figure 2(a) shows the test results of a 
typical Pd-based tunneling junction device. The 
device was irradiated with a single dose of 0.1, 0.5, 
and 1 Mrad of radiation, resulting in cumulative 
doses of the device were 0.1, 0.6, and 1.6 Mrad, 
respectively. As seen from Fig. 2(a), after three 
different doses of γ-radiation, the ΔVset of the device 

 

 

Fig. 2 Impact of γ-radiation on I−V curves of different MTJ devices: (a) Pd-based tunneling junction devices irradiated 
with different doses of γ-rays; (b) Au-based tunneling junction devices irradiated with different doses of γ-rays;      
(c) Statistical diagram of ΔVset of irradiated Pd- and Au-based devices 
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is about 1.0, 1.9, and 1.2 V, respectively. Similarly, 
Fig. 2(b) shows a typical Au-based tunneling 
junction device after exposure to varying doses of 
γ-rays. After γ-radiation, the I−V curves also shifted 
significantly to the right. With a single dose of 0.1, 
0.5 and 1.6 Mrad, and the cumulative dose of 0.1, 
0.6 and 1 Mrad, the ΔVset measured approximately 
5.1, 3.9 and 9.1 V, respectively. 

Figure 2(c) shows statistical data on ΔVset for 
irradiated Pd- and Au-based devices. A positive 
correlation between the median ΔVset and γ-ray dose 
is observed for both types of devices, although the 
relationship is not strictly linear. Over 200 I−V 
curves were collected from 16 Pd-based and 9 
Au-based devices irradiated with varying doses of 
γ-rays. Nearly all ΔVset values were positive, 
ranging from 0.5 to 15 V, with only 5 curves 
showing negative ΔVset (<4 V in amplitude). These 
negative values have minimal impact on the overall 
statistics, reinforcing the positive correlation 
between ΔVset and the radiation dose. 

Furthermore, Au-based devices demonstrated 
significantly larger median ΔVset compared to 
Pd-based devices at equivalent doses. At a dose of 
1 Mrad, the maximum median ΔVset for Au-based 
devices reached 10.0 V, nearly 7 times larger than 
that of Pd-based devices (1.5 V). On average, the 
median ΔVset of Au-based devices was 8 times 
larger than that of Pd-based devices, suggesting a 
more substantial impact of cumulative γ-radiation 
on Au-based devices. 

Both Pd-based and Au-based devices showed 

dispersion in ΔVset, as indicated by the standard 
deviation bars, suggesting variability alongside the 
positive correlation observed at different doses. 
This is evident in the I−V curves of curves shown in 
Figs. 2(a) and (b). The Pd-based device exhibits a 
maximum ΔVset of 1.9 V at 0.5 Mrad, but a smaller 
ΔVset of 1.1 V at 1 Mrad. Similarly, the Au-based 
device shows a higher ΔVset of 5.1 V at 0.1 Mrad 
compared to 3.9 V at 0.5 Mrad. Therefore, while a 
positive correlation between ΔVset and dose is  
clear, a strict quantitative relationship cannot be 
established for individual MTJ device. 

Seen from the I−V curves, all devices are found 
to function normally after being irradiated by γ-ray 
except for the shift of Vset. No permanent or fatal 
damage (e.g., breakdown or increased leakage 
current) was found, even at the highest dose of 
1 Mrad. 
 
3.2 Impact of β-radiation on Pd- and Au-based 

tunneling junction devices 
Figure 3 illustrates the effect of β-radiation on 

Pd-based tunneling junction devices. In Figs. 3(a) 
and (b), the I−V curves of irradiated Pd-based 
devices shift to the right at various doses and 
accelerating voltages, indicating an increase in Vset. 
At 15 kV, the ΔVset values are 3.7, 4.8, and 5.2 V at 
doses of 20, 100, and 200 C/cm², respectively. At 
30 kV, the ΔVset values are 2.2, 3.9 and 5.5 V at the 
same doses, respectively. The impact of β-rays 
(electron beam) on Au-based devices is shown in 
Fig. S5 in SM, also at voltages of 15 and 30 kV. 

 

 

Fig. 3 Impact of β-rays (electron beams) on different MTJ devices: (a) Pd-based devices at 15 kV accelerating voltage; 
(b) Pd-based devices at 30 kV accelerating voltage; (c) Statistical data of ΔVset of Pd- and Au-based devices irradiated 
by electron beams with dose of 100 C/cm2 
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Statistical analysis in Fig. 3(c) reveals that 
both Pd- and Au-based devices exhibit positive 
medium ΔVset at both 15 and 30 kV and a dose of 
100 C/cm2. Pd-based devices show a smaller 
median ΔVset compared to Au-based devices at both 
voltages, consistent with the results from γ-radiation 
experiments (Fig. 2(c)). However, Pd-based devices 
have a larger median ΔVset at 30 kV than at 15 kV, 
while Au-based devices do not show this trend, 
indicating that the electron beam’s accelerating 
voltage does not have a clear impact on ΔVset. 
β-radiation (emulated by electron beams in this 
study) causes a shift from LRS to HRS in MTJ 
devices, with effects similar to those of γ-radiation. 
This is an intriguing result given the different 
natures of β-radiation (high-energy electrons) and 
γ-radiation (high-energy photons). 

Just as γ-radiation, all devices are found to 
function normally after exposure to β-radiation, 
except for the shift of Vset. No permanent or fatal 
damage was observed across various doses and 
accelerating voltages. 
 
3.3 Impact of cumulative γ- and β-radiation on 

MTJ devices 
Experiments have revealed the following five 

crucial characteristics regarding the impact of the 
accumulative γ- and β-radiation on the Pd- and 
Au-based tunneling junction devices. 

(1) All the irradiated devices exhibit an 
increased Vset (positive ΔVset), indicating rightward 
shifts in their I−V curves. 

(2) Only statistical analyses reveal a positive 
correlation between the median or mean of ΔVset 
and the dose of irradiation, with no clear strict 
quantitative relation apparent in individual devices. 

(3) Au-based devices generally have larger 
ΔVset values than Pd-based devices in statistics 
analyses. 

(4) Despite being irradiated at various doses 
and energies, all devices function normally except 
for the shifted Vset. 

(5) Despite their different natures, γ- and 
β-radiation exhibits similar impact on Vset and ΔVset 
of both Pd- and Au-based devices. 

To understand the impact of accumulative γ- 
and β-radiation of the MTJ devices, a general 
theoretical framework is proposed. The framework 
is based on the theory of radiation damage in metal, 
and the physical switching mechanism of metal 

tunneling devices reveal that the impact arises  
from a combination of radiation-induced atom 
displacement/migration and the structure of the 
MTJ device, with high-energy electrons playing a 
pivotal role.  
3.3.1 Generation of high-energy electrons 

Both primary high-energy particles (such as 
photons in γ-rays and primary electrons in β-rays) 
and secondary particles (including secondary 
electrons, electron−positron pairs, and photons) are 
responsible for interacting with metal atoms. In the 
case of β-radiation (electron beam), the primary 
impact comes from the high-energy electron beam 
itself (Fig. 4(a)). In our experiments, the primary 
electron beam impacts the device at energies of  
15 or 30 keV. For γ-radiation, the impact on  
metals primarily arises from high-energy secondary 
electrons generated by high-energy photons, rather 
than the photons themselves. This aligns with the 
radiation damage theory in metals [18,44−48]. 

Photons interact with atoms in four main ways: 
photoelectric absorption, Compton scattering,   
pair production, and photodisintegration. However, 
photodisintegration requires photon energy 
exceeding 10 MeV, which is beyond the energy 
range of γ-rays emitted by 60Co (1.333 and 
1.773 MeV) [36,47,49], and is therefore irrelevant 
to our experiments. Although pair production  
(with a threshold of 1.02 MeV) is possible, its 
cross-section is very small at the energies of 60Co 
γ-rays (<0.1% of the total cross-section) [47]. So, it 
does not significantly contribute to the secondary 
electron generation. Thus, the main interactions in 
our study are Compton scattering and photoelectric 
absorption, both of which generate high-energy 
secondary electrons that contribute to radiation 
effects on the device, as shown in Fig. 4(b). 

It is essential to clarify the terminology of 
secondary electrons (SEs) to avoid misunderstanding. 
In this work, secondary electrons encompass all 
electrons induced by inelastic collisions of radiation 
and atoms, including backscattering electrons 
(BSEs), Auger electrons and slow secondary 
electrons [50]. The slow secondary electrons, 
composed of electrons having energies of several 
tens of eV (typically in a SEM), are sometimes 
called as “secondary electrons” to differentiate from 
BSEs in some other literature [50]. The energy 
distribution of SEs changes from several eV to 
close to the energy of the primary particles [49,50]. 
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Fig. 4 Mechanism of β- and γ-radiation impact on tunneling distance of MTJ devices: (a, b) β- and γ-rays exciting 
high-energy electrons upon bombarding metal electrode tips, respectively; (c) High-energy SEs causing displacement of 
metal atoms moving away; (d) Tunneling distance increasing after irradiation; (e) Simmons formula fitting of I−V 
curves 
 
In this work, the SEs can reach energies exceeding 
1 MeV for γ-radiation (photon energy of 60Co) 
through Compton scattering and photoelectric 
absorption [36,49,50], or 15 and 30 keV for 
β-radiation (electron beam) [50]. Additionally, SEs 
are abundant in quantity due to the cascade 
collision of each incident primary particle, leading 
to the creation of multiple SEs. The similarity    
in the impact of γ- and β-radiation on MTJ  
devices is readily inferred from the above analysis. 
Despite different natures of the radiated particles, 
high-energy electrons, either secondary electrons 
induced by photons of γ-radiation or primary 
electrons of the β-radiation (electron beam), are the 
main factor to cause atom displacements in metals. 
Thus, their impacts on the MTJ devices are natural. 
3.3.2 Atom displacement and migration induced by 

high-energy electrons 
The bombardment of metal atoms by 

high-energy SEs transfers kinetic energy to metal 
atoms through elastic collision in Coulomb 
interaction with the nuclei. When the maximum 
kinetic energy gained by a metal atom, Emax, 
exceeds its displacement energy, Ed, the atom will 

displace from the original lattice position in 
multiple ways to form knock-on damages, including 
forming interstitial atoms, sputtering and migration. 
Typically, Ed ranges from 10 to 50 eV for metals 
[18,19,44,45], comprising the energy required to 
form a pair of interstitial atom and vacancy. Emax  
is determined by conservation of energy and 
momentum, given by the relativistic formula [51]:  

2
0 0

max 2 2
0

2 ( +2 )=
( + ) +2

ME E mcE
m M c ME        

         (2) 
 
where M is the mass of the nucleus, c is the speed 
of light, m and E0 are the mass and energy of the 
incident electron, respectively. Due to the huge 
difference in their mass, only a small fraction of the 
incident electron transfers to the atom. Hence, the 
E0 should be in range of hundreds of keV to 
displace an atom. It seems that only the SEs 
generated by photons in γ-radiation can effectively 
displace metal atoms. 

On the surface, however, the displaced atoms 
do not need to squeeze into an interstitial site, so the 
E0 is much reduced. EGERTON et al [18,19] have 
suggested the use of the enthalpy of sublimation, Es, 
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instead of Ed, to estimate E0 in electron beam 
induced sputtering in TEM. Analogously, we 
suggest using migration energy Em in MTJ devices 
to estimate the threshold energy for metal atoms to 
migrate on electrode tip surfaces. The metal atoms 
on the surface only need to migrate to any adjacent 
empty site on the surface to change the tunneling 
current, which will be discussed in the following 
section. The migration energies of Pd and Au atoms 
are calculated to be 1.19 and 0.83 eV, respectively 
[52]. Utilizing Formula (3), the upper limit for   
E0 does not exceed 32 keV for both metals. 
Furthermore, recoil-enhanced atomic migration 
greatly reduces the migration energy in the 
direction of the electron beams [53]. Experiments 
have confirmed that, a 30 keV electron beam can 
cause considerable damage in Zr-alloy, whose    
E0 values are calculated to be 433 and 210 keV  
for knock-on and sputtering, respectively [54]. 
Therefore, we propose that the β-radiation (15 and 
30 keV) in this work is also sufficient to migrate Pd 
and Au atoms on the surface of the electrodes, 
similar to the SEs of the γ-radiation, as shown in 
Fig. 4(c). 
3.3.3 Asymmetry change of tunneling distance in 

MTJ device 
For an individual atom, the direction of 

displacement and migration caused by radiation is 
random. However, due to the tip structure in a MTJ 
device, radiation-induced atomic movement creates 
an asymmetry that increases the tunneling distance. 
An atom at the apex of the electrode’s tip is 
considered, as shown in Fig. 4(d). Random 
migration in any direction typically shortens the 
electrode tip, increasing the tunneling distance. 
Atoms not at the apex can move in any direction, 
but only when an atom migrates toward the tip and 
eventually reaches the apex does it increase the tip 
size and decrease the tunneling distance. Clearly, 
the likelihood of increasing the tunneling distance is 
much higher than decreasing it, even with random 
atom displacements. 

Higher radiation doses lead to more atomic 
displacements, causing a greater increase in the 
tunneling distance (on the nanometer scale), which 
results in lower tunneling current, and therefore, an 
increase in Vset and a positive ΔVset (on the scale of 
several volts), as shown in Fig. 4(e). 

Importantly, in the migration process on 
surfaces, metal atoms do not need to form 

interstitial atoms to displace. Atoms can migrate as 
long as they gain sufficient energy from collision 
with high-energy electrons. This migration energy 
is typically around 1 eV, which is 1/10−1/50 of the 
displacement energy [18,19,44,52,55,56]. This low 
migration energy facilitates the radiation-induced 
movement of atoms, particularly near the apex of 
the electrode tip. 

The increased Vset and positive ΔVset provide 
clear evidence of the increased tunneling distance 
between the metal electrode tips. The drain current 
of a MTJ device corresponds directly to the 
tunneling current through the vacuum or air gap, 
which forms the tunneling barrier between the 
metal electrode tips. 

Generally, the tunneling current through a 
rectangular barrier under an applied bias voltage 
can be described using the Simmons formula. 
SIMMONS [57] proposed a universal tunneling 
current formula as an integral equation, which is too 
complex to fit experimental data. He later provided 
three distinct analytical approximations for low, 
intermediate, and high bias voltages, respectively. 
The applicability of these approximations is 
discussed in the SM. 

In this study, the Simmons formula for the 
intermediate voltage range is used in the following 
form [57]:  

22π 2
e eVI A
hd

ϕ
   = − ⋅   

   
  

( )
1/2

1/24πexp 2
2

d eVm
h

ϕ
  − − −  

   
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1/2

1/24πexp 2
2 2

eV d eVm
h

ϕ ϕ
    + − +    

     
 

 (3) 
where A is the area, d is the tunneling distance, V is 
the applied bias voltage, e is the charge of electrons, 
h is the Planck constant, and φ is the barrier height 
(determined by the workfunction of the electrode 
metals). Formula (3) provides the best fitting of  
the tunneling current in the intermediate voltage 
range defined as 0<eV<φ, which encompasses the  
primary working voltage of our MTJ devices. With 
a certain bias voltage, section area and barrier 
height, the tunneling current has a negative- 
exponent-like relation with the tunneling distance. 
A metal tunneling device with larger tunneling 
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distance (lower tunneling current) would have the 
I−V curve closer to the right side, resulting in a 
larger Vset. The increased tunneling distance can be 
estimated by fitting the I−V curves before and after 
irradiation of devices, as shown in Fig. 4(e). For 
example, the Au-based device has a Vset-initial of 
2.2 V before irradiation, and a Vset-irradiated of 8.5 V 
after irradiated by electron beam (β-radiation) at the 
dose of 100 C/cm2 and a accelerating voltage of 
30 kV. The ΔVset is 6.3 V. By fitting both I−V curves 
using Formula (3), the initial tunneling distance of 
the Au-based device was determined to be 0.98 nm. 
After irradiation, the tunneling distance increased to 
5.84 nm, representing an increase of 4.86 nm. 
Similarly, the increased Vset and positive ΔVset 
indicate that the tunneling distances of most of 
irradiated Pd- and Au-based devices increased 
compared to their initial ones. 

The work functions of Pd (5.12 eV) and Au 
(5.10 eV) are very similar [58], yet the increase in 
Vset for Au-based tunnel junctions is typically larger 
than that for Pd-based junctions. This suggests that 
the increase in tunnel spacing in Au-based devices 
is more significant. The primary reason for this 
discrepancy is the lower migration energy of Au 
atoms (0.83 eV) compared to that of Pd atoms 
(1.19 eV) [52]. According to the theoretical framework 
of atom migration, the jump rate of an atom ( f ) is 
governed by the Arrhenius equation [52]:  

m
0

B
exp Ef f

k T
 

= − 
 

                      (4) 

 
where f0 is the attempting rate related to the thermal 
motion or kinetic energy of metal atoms, kB is the 
Boltzmann constant, T is the temperature, and Em is 
the migration energy. With migration energies of 
1.19 eV for Pd and 0.83 eV for Au, Pd atoms are 
more difficult to displace than Au atoms, even when 
both are exposed to the same kinetic energy. 
Consequently, after irradiation, more Au atoms are 
displaced compared to Pd atoms, leading to a larger 
increase in the tunneling distance in Au-based 
devices. Thus, the impact of radiation on Au MTJ 
devices, as reflected by ΔVset, is more pronounced 
than that on Pd MTJ devices. 

While higher radiation doses increase the 
probability of more displaced atoms and a larger 
tunneling distance, this is not guaranteed for each 
individual device. The migration of atoms on the 
electrode surface is a random process, and the 

number of displaced atoms can vary with dose and 
from device to device. This variability explains why 
ΔVset may be smaller at higher doses in certain 
devices (Figs. 2(a) and (b)). However, statistically, a 
positive correlation between ΔVset and radiation 
dose is observed in the median and mean of ΔVset, 
with randomness reflected in the standard deviation 
(Figs. 2(c) and 3(c)). 
3.3.4 Effect of local temperature and electrical 

resistivity of metals 
It is important to consider whether local 

temperature rises and changes in the metal’s 
resistivity during irradiation could contribute to the 
observed changes in Vset. During the interaction 
between high-energy electrons and metal atoms,  
the kinetic energy is eventually dissipated as heat, 
leading to a local temperature rise. However, given 
the thin nature of the electrode layers in our devices 
(10 nm), most of the electrons penetrate the sample 
without dissipating significant heat inside the metal. 
Consequently, the local temperature increase due to 
radiation is only a few kelvins, which is unlikely to 
impact device performance significantly [18]. 

Defects in lattice induced by radiation are 
known to increase the electrical resistivity of metal 
[18,19]. However, the change of Vset in irradiated 
metal tunneling devices cannot be attributed to such 
mechanisms for three reasons: (1) The change of 
electrical resistivity of pure metal can only be 
accurately measured at low temperature (typically < 
100 K). At room temperature, annealing would 
sufficiently eliminate most of the lattice defects, so 
that the resistivity change would be only several 
percents [18,44,45,48,55]. While in our devices, the 
change of tunneling current is caused by the 
changed tunneling distance, so that the resistivity 
change is over several orders of magnitude across 
different radiation doses, as evidenced by the I−V 
curves (Figs. 2(a), 2(b), 3(a) and 3(b)). (2) The 
change of resistivity in irradiated metals normally 
shows linear relationships with the dose [48]. While 
the statistics has shown no linear correlation 
between the dose and the ΔVset (Fig. 2(c)) in our 
MTJ devices. (3) The measurement of electrical 
resistivity pertains to the conductive current of the 
metal, as resistance is governed by the Ohm’s law. 
Although radiation may alter the conductive 
resistance, the change remains within the mΩ range 
due to their geometric dimensions in the case of  
our devices. Conversely, in a real MTJ device, 
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tunneling resistance ranges from GΩ (LRS) to TΩ 
(HRS) (Fig. 4(e)). The change in conductive 
resistivity is thus negligible compared to the 
tunneling resistance. In conclusion, the change of 
Vset must stem from the change of tunneling 
distance (and consequently tunneling resistance), 
rather than the change of electrical resistivity of 
metals. 

The negligible change of electrical resistivity 
of metal also explains why all the devices remain 
functional after the irradiation. The electrode tips 
essential for forming a tunneling junction remain 
intact, with only slight changes in tunneling 
distance on the scale of several nanometers, and 
their conductivity remains unaffected by irradiation, 
ensuring that the tunneling current through the 
barrier of vacuum/air is undisturbed. This suggests 
the potential for in-situ repairability of the MTJ 
devices after irradiation. 
 
3.4 In-situ repairability of irradiated MTJ 

devices 
Building upon the analysis in the preceding 

section, we proposed a novel method for repairing 
MTJ devices affected by irradiation. The basis of 
this repairability lies in two key factors: (1) the 
nature of γ- and β-radiation damage on metal;    
(2) the NOI structure of the MTJ devices. 

γ- and β-radiation, involving high-energy 
electrons, do not cause radiolytic damage in metals. 
Radiolytic damage typically occurs in low- 
conductivity materials, leading to broken bonds  
and lattice distortion [19,44]. Such damages in 
conventional semiconductor devices like MOSFETs 
lead to dangling bond, increased interface state, 
disordered channels, and reduced breakdown 
voltages. On the contrast, metal is protected from 
radiolytic damage due to its high electron density 
and excellent conductivity. Holes in the valence 
band excited by incident electrons can be refilled in 
less than 1 fs, much faster than the atomic vibration 
(100 fs), such that no change in the wavefunction of 
atomic electrons will be stimulated by the atomic 
vibrations, and interatomic bond remains. Therefore, 
knock-on damage is the only form of damage that 
occurs in irradiated metal, potentially changing the 
shape of the electrode tips in MTJ devices. 

Additionally, the nanoscale geometry and the 
metal−vacuum−metal (MVM) structure of MTJ 

devices offer further protection. Like other NOI 
structures, MTJ devices lack dielectric or 
electrolyte layers, unlike RRAM devices, which 
may suffer permanent threshold shifts from 
radiation damage. MTJ devices are unaffected   
by such medium damage. Also, changes in 
conductivity of metal electrode tips are negligible 
compared to changes in tunneling resistance, as 
discussed earlier. The small size of MTJ devices 
ensures that only a small fraction of the radiation 
dose impacts the tunneling junctions, further 
reducing damage. 

Consequently, it is concluded that MTJ devices 
irradiated with γ- and β-rays do not experience 
permanent or fatal damage. As long as the tunneling 
distance is restored, the devices can be repaired to 
their original state. Repair is achieved through 
in-situ electrical operations, specifically by 
applying multiple double I−V sweeps with 
optimized parameters like current compliance, 
ramping rate, and maximum voltage (Fig. 5). 
During the double I−V sweeps (Fig. 5(c)), 
electrostatic forces, electric field gradients, and  
the wind force of tunneling current drive atoms 
toward the electrode tip apex [34,59−61], gradually 
reducing the increased tunneling distance. While 
atoms may not return precisely to their original 
positions, the tunneling distance can be restored, 
and the I−V curve (representing resistance states) 
will closely match the original, as shown in 
Fig. 5(d). The recovery of the tunneling current 
indicates a successful repair, identifiable by Vset. 

To efficiently drive atom migration, the repair 
process requires three conditions: (1) proper current 
compliance to ensure sufficient current without 
damaging the device; (2) a low ramping rate 
(<1 V/s) to allow enough time for atoms to migrate; 
(3) a maximum voltage higher than the irradiated 
Vset to create a strong electric field for driving  
atoms. These parameters can be adjusted for each 
device. Since MTJ devices remain functional after 
irradiation, the double I−V sweeps can be applied 
in-situ, as in previous tests. For example, as shown 
in Fig. 6(a), the Au-based device has an initial Vset 
of 5 V, which increases by 10 V after γ-radiation at 
1 Mrad. After in-situ repair, Vset returns to the initial 
value. Figure 6(b) illustrates the repair process, with 
I−V sweep parameters of 1 nA current compliance, 
0.25 V/s ramping rate, and 20 V maximum voltage.  
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Fig. 5 Illustration of repairing process of irradiated MTJ devices: (a, b) Electrode tips before and after irradiation, 
respectively; (c) Migration of metal atoms towards apexes during double I−V sweeps; (d) Repaired electrode tips 
 

 
Fig. 6 Repairing process of irradiated Pd- and Au-based devices by configured double I−V sweeps: (a) Fully    
restored shift in Vset to its initial value; (b) Typical repairing process of Au-based devices by applying double I−V 
sweeps; (c, d) Change of ΔVset in repairing process of Pd- and Au-based devices, respectively 
 
The rising edges of the I−V curves shift left, 
showing a reduction in Vset, an increase in tunneling 
current, and a decrease in tunneling distance. The 
sweeps continue until the initial Vset is restored. 
Figures 6(c) and (d) show ΔVset changes for typical 
Pd- and Au-based devices, respectively. 

The number of double I−V sweeps required for 
repair depends on the magnitude of ΔVset, and it is 
not strictly fixed. Pd-based devices usually need 
1−3 sweeps, while Au-based devices may require 
up to 5 or more due to a larger ΔVset. The repair 

process is similar for devices irradiated with either 
β- or γ-radiation, as shown in Fig. S6 in SM. 
Insufficient sweeps may lead to partial repair, with 
a larger remaining ΔVset. For example, an Au-based 
device irradiated with 0.5 Mrad of γ-radiation and 
subjected to only 3 double sweeps showed a ΔVset 
of 2.7 V after repair, indicating partial repair. 

Notably, full repair of irradiated MTJ devices 
is achievable. With sufficient time and double   
I−V sweeps, ΔVset can be reduced to be less than 
0.2 V. This demonstrates that the impact of γ- and 
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β-radiation can be nearly eliminated through the 
repair process, which uses parameters with similar 
ranges to normal read operations. Thus, MTJ 
devices can be repaired with only on-chip circuits, 
without additional equipment or processes. 

The in-situ repairability provided by MTJ 
devices offers significant potential in high γ- or 
β-radiation environments. Unlike conventional 
semiconductor devices, which require heavy 
shielding in normal operation and removal for 
annealing to repair radiation damage (often 
impossible in places like nuclear reactors or space 
missions), MTJs can be restored using on-chip 
circuits. The electrical parameters of repairing 
remain within the normal operational range, and the 
repair process is fast, taking seconds to several 
minutes. In memory arrays, radiation-induced errors 
in individual MTJ devices can be detected using 
checksum methods, and then data can be restored 
in-situ without affecting other devices. Without 
permanent damage, MTJ devices can withstand 
high-radiation environments for extended periods. 
 
3.5 Generalized discussion on radiation resistivity 

in NOI structures 
The radiation resistivity found in MTJ devices 

can be extended to other NOI devices like 
nanoscale vacuum tubes (NVT) and nanoscale air 
channel devices (NACD), which are of particular 
interest for their high switching speeds and 
potential use in future logic circuits. A study by 
FAN et al [29] explored the total ionizing dose (TID) 
and single event effect (SEE) of NACDs irradiated 
by X-ray and lasers. They found that NACD 
devices displayed strong radiation resistance, 
maintaining good gate control, high ON/OFF ratio, 
and large current density even after exposure to 
1 Mrad of X-ray energy at 17 keV. Only a slight 
shift in the I−V curve was noted due to TID, 
suggesting that NACDs are radiation-immune and 
suitable for space applications. 

The intrinsic radiation resistivity of NOI 
devices stems from both metals’ immunity to 
radiolytic damage and the lack of a semiconductor 
channel or dielectric medium. We note that this 
radiation resistivity may vary depending on the 
device’s conditions and design. In MTJ devices,  
the inherent radiation resistance is reflected as       
(1) immunity to permanent radiation damage;     
(2) continuing to operate normally despite radiation 

exposure; (3) repairability with in-situ conditions. 
On the other hand, NACD embodies the radiation 
resistance as their emission current is governed  
only by the electric field [57]. Without sensitive 
semiconductor channels or PN junctions, TID in 
NACDs causes only a slight shift in I−V curves due 
to accumulated charges in substrates, and parasitic 
thyristor effect is avoided in SEE. 

In summary, the radiation immunity of NACD 
observed in Ref. [29] and the repairability of MTJ 
devices demonstrated in this work represent    
two typical forms of radiation resistivity inherent  
in NOI structures. This suggests that radiation 
resistivity may manifest in various forms across 
different NOI devices, depending on their   
designs and working conditions. Nevertheless, these 
manifestations can be analyzed using a similar 
framework as proposed in Section 3.4. 
 
4 Conclusions 
 

(1) Nanoscale MTJ devices were fabricated by 
electromigration method, and the impacts of γ- and 
β-radiation on their electrical properties were 
studied.  

(2) After irradiation, the Vset of the MTJ device 
increases, with ΔVset exhibiting a positive 
correlation with the doses in statistical analysis, 
albeit not strictly quantitatively. No significant 
relationship between the energy of electron beam 
with ΔVset is observed. Au-based devices show 
larger ΔVset compared to Pd-based devices at the 
same doses. No permanent or fatal damages are 
found to the devices, which are all functional 
normally after irradiation except for the change. 
Both γ- and β-radiation have similar impacts on the 
MTJ devices. 

(3) Based on the theory of radiation damage on 
metal, it is inferred that the impacts stem from 
high-energy electrons excited by γ- and β-radiation. 
Radiation-induced random atomic displacement and 
migration, combined with the structure of electrode 
tips, created an unbalanced trend in the change of 
tunneling distance and tunneling current, resulting 
in an increase tunneling distance in most devices. 

(4) MTJ devices demonstrate the capability for 
in-situ repair using carefully configured double I−V 
sweeps implemented with on-chip circuits. The 
repairability of irradiated MTJ devices is discussed 
as a form of radiation resistivity in NOI structures, 
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with potential generalization to other NOI devices 
such as NACD. These findings highlight the 
promising potential of MTJ devices for use in 
high-radiation environments, such as space stations, 
satellites, reactors, and synchrotron radiation 
sources. 
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摘  要：通过电迁移方法制备了纳米尺度的金属隧穿结(MTJ)器件，并研究了 γ 和 β 辐射对其电学性能的影响。

辐照后，MTJ 器件的 SET 电压(Vset)增加，器件从低阻态(LRS)转换为高阻态(HRS)。γ和 β射线辐照激发出高能电

子，高能电子引起原子位移，导致 SET 电压的漂移。但是，与半导体器件不同，辐照不会对 MTJ 器件造成永久

性或致命损伤。MTJ 器件可以在原位或片上条件下，通过多次双向 I−V (I 为电流；V 为电压)扫描方法，使器件恢

复至辐照前的状态。这表明 MTJ 器件在辐照环境下具有良好的应用潜力。MTJ 器件在辐照后的可修复性与其

nothing-on-insulator (NOI)结构密切相关，这一特性也可推广至其他 NOI 器件或金属基微米/纳米器件中。 

关键词：γ辐照；β辐照；纳米间隙；金属隧穿结；辐照损伤 
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